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First-principles calculations were performed to study on alloying stability, electronic structure, and mechanical
properties of Al-based intermetallic compounds. The results show that the lattice parameters obtained after full
relaxation of crystalline cells are consistent with experimental data. The calculation of cohesive energies indicated
that the structure stability of these Al-based intermetallics will become higher with increasing Zr element in crystal.
The calculations of formation energies showed that AlCu2Zr has the strongest alloying ability, followed by AlZr3
and �nally the AlCu3. Further analysis �nds out that single-crystal elastic constants at zero-pressure satisfy the
requirement of mechanical stability for cubic crystals. The calculations on the ratio of bulk modulus to shear
modulus reveal that AlCu2Zr can exhibit a good ductility, followed by AlCu3, whereas AlZr3 can have a poor
ductility; however, for sti�ness, these intermetallics show a converse order. The calculations on Poisson's ratio
show that AlCu3 is much more anisotropic than the other two intermetallics. In addition, calculations on densities
of states indicates that the valence bonds of these intermetallics are attributed to the valence electrons of Cu 3d
states for AlCu3, Cu 3d and Zr 4d states for AlCu2Zr, and Al 3s, Zr 5s and 4d states for AlZr3, respectively; in
particular, the electronic structure of the AlZr3 shows the strongest hybridization, leading to the worst ductility.
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1. Introduction

Aluminum alloys represent an important category of
materials because of their high technological value and
their wide application, especially, in the aerospace �eld,
microelectronics, motorized vehicles, and domestic indus-
try. Due to the importance of the alloys in engineering
and the basic research, mechanical behavior of the alloys
has been a focus of various investigations. In particular,
the strengthening for the alloys has attracted strong in-
terest from both academic and industrial aspects. Over
the past decades, various strengthening methods have
been developed, e.g., alloying, and can solve the proposed
issue. However, for other properties, such as corrosion or
thermal resistance, such e�ectiveness is limit. Instead
of the (micro amount) alloying method, a large amount
of alloy elements can be used to form the so-called Al-
-based intermetallic compounds. It is found that such
intermetallics can exhibit various excellent properties, in-
cluding mechanical, physical, and chemical ones, because
bonding nature or electronic structure are changed [1].
Intermetallics involving aluminum and transition met-

als (TM) are known to have high resistance to oxidation
and corrosion, elevated-temperature strength, relatively
low density, and high melting points, which making them
desirable candidates for high-temperature structural ap-
plications [2]. In particular, zirconium can e�ectively en-
hance the mechanical strength of the alloys when copper
and zinc elements exist in aluminum and Al-based al-
loys [3]. Adding Zr in the Al�Mg alloys can e�ectively
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discard hydrogen, grain re�nement, reducing pinholes,
porosity and hot cracking tendency and improve its me-
chanical properties [4]. Many investigations have been fo-
cused on the constituent binary systems, such as Al�Cu,
Al�Zr, and Cu�Zr [5�10], however, there has been a lack
of systematic theoretical and experimental investigations
for binary and ternary system, especially for ternary alloy
system.
In recent years, �rst-principles calculations based on

the density-functional theory have become an important
tool for the accurate study of the crystalline and elec-
tronic structures and mechanical properties of solids [11].
In the present study, we report a systematic investi-
gation of the structural, elastic and electronic proper-
ties of Al-based alloys (AlCu3, AlZr3, and AlCu2Zr) by
�rst-principles calculations, and the results are discussed
in comparison with the available experimental data and
other theoretical results.

2. Computational method

All calculations were performed using the Vienna ab
initio Simulation Package (VASP) [12, 13] based on the
density-functional theory (DFT) [14]. The exchange and
correlation energy was treated within the generalized gra-
dient approximation of Perdew�Wang 91 version (GGA-
-PW91) [15]. The interaction between the valence elec-
trons and the ions was described by using potentials gen-
erated with Blöchl's projector augmented wave (PAW)
method [16]. The PAW potential used for Al treats 3s,
3p states as valence states, and the other electron�ion
interaction was described by 3d, 4s valence states for
Cu, 5s, 4d, 5p valence states for Zr. A plane-wave en-
ergy cuto� was set at 450 eV for AlCu3 and AlCu2Zr,
and at 350 eV for AlZr3. The Brillouin zone integrations
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were performed using the Monkhorst�Pack [17] k-point
meshes, e.g., the k-point meshes for AlCu3, AlCu2Zr and
AlZr3 were 15×15×15, 9×9×9 and 13×13×13 for op-
timizing geometry and calculating elastic constants, and
25 × 25 × 25, 19 × 19 × 19 and 23 × 23 × 23 for the cal-
culations of density of states (DOS) at the equilibrium
volume, respectively.
Optimizations of the structural parameters (atomic po-

sitions and the lattice constants) for each system were
performed using the conjugate gradient method, and the
coordinates of internal atoms were allowed to relax until
the total forces on each ion were less than 0.01 eV/Å.
The total energy and density of states (DOS) calcula-
tions were performed with the linear tetrahedron method
with the Blöchl corrections [18]. In order to avoid wrap-
-around errors, all calculations were performed using the
�accurate� setting within VASP.

3. Results and discussion

3.1. Equilibrium properties

AlCu3 and AlZr3 alloys have the simple cubic Cu3Au
(L12 type, space group Pm-3m) structure [19, 20],
AlCu2Zr crystallizes in cubic symmetry with the space
group Fm-3m [21]. Firstly, these crystal structures were
optimized with relaxation of cell shape and atomic posi-
tions. The equilibrium volume V0, bulk modulus B0 and
the pressure derivation of bulk modulus B′0 of AlCu3,
AlCu2Zr, and AlZr3 were determined by �tting the total
energy calculated at di�erent lattice constant values to
a Birch�Murnaghan equation of state [22]. The results
of �rst-principles calculations are listed in Table I. From
Table I, one can see that the results of our calculations
compare very favorably with experimental data. This
shows that the used parameters are reasonable.

TABLE I

Calculated and experimental lattice parameters a (Å),
equilibrium volume V0 (Å3), bulk modulus B0 (GPa) and
the pressure derivation of bulk modulus B′0 for AlCu3,
AlCu2Zr, AlZr3.

AlCu3 AlCu2Zr AlZr3
present exp. present exp. present exp.

a 3.693 3.607 [19] 6.256 6.216 [21] 4.381 4.392 [20]

V0 50.358 � 244.805 240.210 [21] 84.110 84.700 [20]

B0 131.010 � 128.600 � 100.800

B′0 4.47 � 4.280 � 3.48

It is known that the stability of crystal structure is cor-
related to its cohesive energy [23], which is often de�ned
as the work which is needed when crystal is decomposed
into the single atom. Hence, the bigger the cohesive en-
ergy is, the more stable the crystal structure is [23]. In
the present study, the cohesive energies (Ecoh) of AlCu3,
AlCu2Zr and AlZr3 crystal cells can be calculated by

EABC
coh = (Etot −NAE

A
atom −NBE

B
atom −NCE

C
atom)/

(NA +NB +NC), (1)
where Etot is the total energy of the compound at the
equilibrium lattice constant, and EA

atom, E
B
atom, E

C
atom

are the energies of the isolated atoms A, B, and C in

the freedom states. NA, NB, and NC refer to the num-
bers of A, B, and C atoms in each unit cell. The en-
ergies of isolated Al, Cu, and Zr atoms are −0.276 eV,
−0.254 eV and −2.054 eV, respectively. Cohesive ener-
gies (Ecoh) per atom of all crystal or primitive cells are
calculated from Eq. (1). It was found for Al-based inter-
metallic compounds that the cohesive energy (Ecoh) of
per atom for AlCu3, AlCu2Zr and AlZr3 are −3.637 eV,
−4.551 eV, −5.964 eV, respectively. These results are
listed in Table II. Based on the above results, it can be
concluded that the cohesive energy of these Al-based in-
termetallic compounds will become lower with increas-
ing Zr element in crystal, hence the stability of crystal
increases. Therefore, the AlZr3 intermetallic compound
should have the highest structure stability, followed by
AlCu2Zr and �nally the AlCu3.

TABLE II

Total energy Etot, cohesive energy Ecoh and formation
energy ∆H of AlCu3, AlCu2Zr, and AlZr3.

Compound Etot

[eV/atom]
Ecoh

[eV/atom]
∆H

[eV/atom]
AlCu3 −3.897 −3.637 −0.177
AlCu2Zr −5.261 −4.551 −0.359
AlZr3 −7.574 −5.964 −0.307

In order to compare the alloying abilities of the present
compounds, we calculate the formation energy ∆H,
which can be given by

∆HABC = (Etot −NAE
A
solid −NBE

B
solid −NCE

C
solid)/

(NA +NB +NC), (2)

where EA
solid, E

B
solid, and E

C
solid are the energies per atom

of pure constituents A, B, and C in the solid states, re-
spectively. The other variables are as de�ned for Eq. (1).
Negative formation energies usually indicate an exother-
mic process. Furthermore, the bigger the formation en-
ergy is, the stronger alloying ability is [23]. The calcu-
lated energies of Al, Cu, and Zr in their respective crys-
tals are −3.696 eV, −3.728 eV, −8.457 eV. The calculated
results of these compounds are also listed in Table II. The
formation energies of AlCu3, AlCu2Zr and AlZr3 are all
negative, which means that the structure of these phases
can exist and be stable. The present results also indicate
that AlCu2Zr phase has the biggest formation energies,
suggesting a strong alloying ability. It should be noted
that the formation energies of AlZr3 was larger than that
of AlCu3, indicating that the latter has a weaker alloying
ability than the former. Here, cohesive energy and forma-
tion energies expected di�erent trends in stability. Due
to the higher cohesive energy of Zr, the cohesive energy
of the alloys increases when the Zr content increases.

3.2. Mechanical properties

The density-functional theory has become a powerful
tool for investigating the elastic properties of materials
(in the limit of zero temperature and in the absence of
zero-point motion). For a given crystal it is possible to
calculate the complete set of elastic constants by apply-
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ing small strains to the equilibrium unit cell and deter-
mining the corresponding variations in the total energy.
The necessary number of strains is imposed by the crys-
tal symmetry [24]. For a material with cubic symmetry,
there are only three independent elastic constants, C11,
C12, and C44. The strain tensor is given by

δ =

 δ11 δ12 δ13

δ21 δ22 δ23

δ31 δ32 δ33

 . (3)

In the present study, we applied three kinds of strains
δ(N) (N = 1, 2, 3) so as to obtain the elastic constants,
and they are listed in Table III. The �rst strain is a
volume-conserving tetragonal deformation along the z
axis, the second refers to a uniform hydrostatic pres-
sure, and the last one corresponds to a volume-conserving
orthorhombic shear [24]. The elastic strain energy was
given by

U =
∆E

V0
=

1

2

6∑
i=1

6∑
j=1

Cijeiej , (4)

where ∆E = Etotal(V0, δ) − Etotal(V0, 0) is the total en-
ergy variation between the deformed cell and the initial
cell, V0 is the equilibrium volume of the cell, Cij are
the elastic constants and δ is the deformation added to
the equilibrium cell. The elastic strain energy is also
listed in Table III. For each kind of lattice deformation,

the total energy has been calculated for di�erent strains
γ = ±0.01n (n = 0−2).

TABLE III

The strains used to calculate the elastic constants of AlCu3,
AlCu2Zr, and AlZr3, with γ = ±0.01n (n = 0−2).

Strain Parameters (unlisted δij = 0) ∆E/V0 to O(γ2)

δ(1) δ11 = δ22 = γ, δ33 = [(1 + γ)−2 − 1] 3(C11 − C12)γ2

δ(2) δ11 = δ22 = δ33 = γ 3
2 (C11 + 2C12)γ2

δ(3) δ12 = δ21 = γ, δ33 = [γ2(1− γ2)−1] 2C44γ
2

By means of polynomial �t, we extracted three val-
ues of the second order coe�cients, corresponding to
3(C11−C12), 3(C11 +2C12)/2 and 2C44, respectively, the
elastic constants C11, C12, and C44 were obtained [25],
and the results are showed in Table IV. From Table IV,
we can see that our calculation results agree well with the
experimental data or other �rst-principle calculations.
These elastic constants satisfy the requirement of me-
chanical stability for cubic crystals [24]: (C11−C12) > 0,
C11 > 0, C44 > 0, (C11 + 2C12) > 0. This shows that
AlCu3, AlCu2Zr, and AlZr3 have a stable structure. The
average bulk modulus is identical to the single-crystal
bulk modulus, i.e., B = (C11 + 2C12)/3. Interestingly,
we noted that the bulk modulus calculated from the val-
ues of the elastic constants is in good agreement with
the one obtained through the �t to a Birch�Murnaghan
equation of state (B0), giving a consistent estimation of
the compressibility for these compounds [26].

TABLE IV

Calculated elastic constants (GPa) and elastic modulus (bulk modulus B (GPa), shear modulus G (GPa),
Young's modulus E (GPa), Poisson's ratio ν and anisotropy constant A) of AlCu3, AlCu2Zr, and AlZr3.

Compound C11 C12 C44 B G B/G E ν A Ref.
AlCu3 150.707 120.565 81.880 130.612 43.593 2.996 117.686 0.350 1.887 this study

176.000 117.400 92.400 136.900 49.600 132.800 0.340 [5]
AlCu2Zr 157.504 115.305 62.685 129.371 41.237 3.137 111.829 0.356 1.528 this study
AlZr3 148.653 79.387 70.834 102.476 53.400 1.919 136.492 0.278 1.487 this study

163.800 79.300 86.500 107.670 [6]

In order to further validate our results, the elastic mod-
ulus, such as shear modulus G (GPa), Young's modulus
E (GPa), Poisson's ratio ν and anisotropy constant A
for a polycrystalline material were also calculated with
the single-crystal elastic constants Cij , all of these elas-
tic modulus are shown in Table IV. In the present study,
we adopted Hershey's averaging method [27], which has
been known to give the most accurate relation between
single-crystal and polycrystalline values for a cubic lat-
tice [28]. According to this method, G is obtained by
solving the following equation:

G3 +
5C11 + 4C12

8
G2 − C44(7C11 − 4C12)

8
G

− C44(C11 − C12)(C11 + 2C12)

8
= 0. (5)

The calculated shear modulus G for the AlZr3 are the
largest, while the quantities for AlCu2Zr are less than
for AlCu3.

Pugh [29] found that the ratio of the bulk modulus to
shear modulus (B/G) of polycrystalline phases can pre-
dict the brittle and ductile behavior of materials. A high
and low value of B/G are associated with ductility and
brittleness, respectively. The critical value which sepa-
rates ductility from brittleness is about 1.75. From B/G
calculated in Table IV we can see that all the B/G ra-
tios are larger than 1.75. Therefore, AlCu3, AlCu2Zr
and AlZr3 have a good ductility. On the contrary, the
biggest B/G ratio for AlCu2Zr indicates that AlCu2Zr
is of very good ductility in these three Al-based alloys.
AlCu3 has an intermediate ductility, while AlZr3 has a
worst ductility.



Elastic Properties, Mechanical Stability . . . 671

Besides B/G, Young's modulus E and Poisson's ra-
tio ν, are important for technological and engineering
applications. Young's modulus is used to provide a mea-
sure of the sti�ness of the solid, i.e., the larger the value
of E, the sti�er the material [24]. According to Her-
shey's averaging method, Young's modulus is de�ned
as: E = 9GB/(3B + G). Based on the calculated re-
sults, we �nd that AlZr3 has a Young modulus that is
18.806 GPa and 24.663 GPa larger than for AlCu3 and
AlCu2Zr, respectively. This indicates that AlZr3 phase
has the highest sti�ness, followed by AlCu3 and �nally
the AlCu2Zr. In addition, Poisson's ratio ν has also been
used to measure the shear stability of the lattice, which
usually ranges from −1 to 0.5. The greater the value of
Poisson's ratio ν, the better the plasticity of the materi-
als. So we can see that AlCu3, AlCu2Zr and AlZr3 have
a better plasticity.
The elastic anisotropy of crystals has an important

application in engineering materials since it is highly
correlated with the possibility of inducing microcracks
[24, 30]. For cubic symmetric structures [31], the elastic
anisotropy is de�ned as A = (2C44 + C12)/C11. For the
completely isotropic material, the value of A will be 1,
while values smaller or bigger than 1 measuring the de-
gree of elastic anisotropy [24]. Interestingly, we note that
the values of A (Table IV) do not deviate far from unity,
suggesting that the present cubic structure alloys also do
not deviate far from being isotropic. The calculated re-
sults also indicate that AlCu3 is much more anisotropic
than the other two alloys.

3.3. Density of the states

For further understanding of the electronic characteris-
tics and structural stability, total density of states (DOS)
of AlCu3, AlCu2Zr and AlZr3 were calculated, as shown
in Fig. 1, as well as the partial density of states (PDOS)
of Al, Cu and Zr atoms in these Al-based intermetallics
compounds. In Figure 1 there is evident the metallic
character of these considered AlCu3, AlCu2Zr, and AlZr3
structure because of the �nite DOS at the Fermi level.
With regard to the total density of states curve of AlCu3,
one can see from Fig. 1a that the whole valence band of
AlCu3 is located between −7 eV and 9 eV, which is dom-
inated by Cu 3d states and a small contribution from
3s and 3p states of Al. The valence band of AlZr3 (see
Fig. 1c) can be divided into three areas. The �rst area
dominated by the valence electron numbers of Al 3s and
Zr 4d states are mostly located between−7 eV and−5 eV,
the second by the Zr 5s and 4d states located between
−4 eV and −3 eV, and the third by Zr 4d states located
between −2.8 eV and 3.0 eV. Both below and above the
Fermi level, the hybridization between Al p states and
Zr d states is strong. Due to the strong hybridization (or
covalent interaction) the entire DOS can be divided into
bonding and antibonding regions, and that a pseudogap
resides in between. The characteristic pseudogap around
the Fermi level indicates the presence of the directional
covalent bonding.

Fig. 1. The total and partial DOS of AlCu3 crystal
cell (a), AlCu2Zr crystal cell (b), AlZr3 crystal cell (c).
The vertical dot line indicates the Fermi level.

The Fermi level located at a valley in the bonding re-
gion implies the system has a pronounced stability. It
is also generally considered that the formation of cova-
lent bonding would enhance the strength of material in
comparison with the pure metallic bonding [32]. Accord-
ing to the covalent approach, the guiding principle is the
maximize bonding. Therefore, for a series of compounds
having the same structure, the greater the occupancy in
the bonding region the higher the stability [33]. It is
indeed seen that the structural stability increases from
AlCu3 to AlZr3. For AlCu2Zr (see Fig. 1b), it is found
that the main bonding peaks between −6 eV and −2 eV
are predominantly derived from the Cu 3d orbits, while
the main bonding peaks between the Fermi level and 3 eV
predominantly derived from the Zr 4d orbits. It should
be noted that the phase stability of intermetallics de-
pends on the location of the Fermi level and the value of
the DOS at the Fermi level, i.e. N(EF) [34, 35]. A lower
N(EF) corresponds to a more stable structure. The value
of the total DOS at the Fermi level is 3.64 states/eV for
AlZr3. The value of the total DOS at the Fermi level is
5.74 states/eV for AlCu2Zr. Therefore, AlZr3 has a more
stable structure in these three Al-based intermetallics.
This accorded with the calculation of cohesive energy.
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From Fig. 1, one can also see that the pseudogap
or quasigap near the Fermi energy is the broadest for
AlZr3, and the narrowest for AlCu2Zr, which suggests
that AlZr3 has the strongest covalent bond, AlCu3 has
an intermediate covalent bond, while AlCu2Zr has the
worst covalent bond, i.e., AlZr3 may have the worst duc-
tility among these three Al-based intermetallics, AlCu3

has an intermediate ductility, while AlCu2Zr has most
ductility.
According to the partial DOS, the large occupied peak

for the AlCu3, AlCu2Zr, AlZr3 alloys is dominated by
Al 3s and 3p states, Cu 3d states, Zr 5s and 4d states,
respectively. In the valence band range, there is hy-
bridization in these alloys, and AlZr3 has the strongest
hybridization in these three Al-based intermetallics. This
is an advantage for ductility of AlZr3 alloy. However,
from the above analysis, it can be seen that the pseu-
dogap or quasigap near the Fermi energy for AlZr3 is
the broadest among these Al-based alloys. This is a dis-
advantage for ductility of AlZr3. Thus, the ductility of
AlZr3 alloy may be less than that of AlCu3 and AlCu2Zr
alloys.

4. Conclusions

In summary, using the �rst-principles method we have
calculated alloying stability, electronic structure, and me-
chanical properties of Al-based intermetallic compounds
(AlCu3, AlCu2Zr, and AlZr3). The calculation of cohe-
sive energies showed that the structural stability of these
Al-based intermetallics will become higher with increas-
ing Zr element in crystal. The calculation of formation
energies showed that the alloying ability of AlCu2Zr is
strongest. AlCu2Zr can exhibit a good ductility, followed
by AlCu3, whereas AlZr3 can have a poor ductility; how-
ever, for sti�ness, these intermetallics show a converse
order. In particular, AlCu3 is much more anisotropic
than the other two intermetallics. The valence bonds of
these intermetallics are attributed to the valence elec-
trons of Cu 3d states for AlCu3, Cu 3d, and Zr 4d states
for AlCu2Zr, and Al 3s, Zr 5s and 4d states for AlZr3,
respectively, and the electronic structure of the AlZr3
shows the strongest hybridization, leading to the worst
ductility.
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